[1] In this study we investigate an event-scale transit time distribution (TTD) for a catchment located in the Santa Catalina Mountains northeast of downtown Tucson, Arizona, USA, during a series of extreme rainfall events. Traditionally, TTD studies look at the long time response of a catchment to an input variation in tracer concentration. Few studies have determined the TTD at the scale of an event. Isotopic and hydrometric data collected during the event considered in this study provide the unique opportunity to characterize the response of the catchment under extreme conditions using both TTD modeling and hydrograph separation. This revealed similarity in the shapes of the event TTD and event water recession hydrograph. Also, the first moment of the event water recession hydrograph and the mean transit time of the TTD were similar. Because of the extreme nature of this event, it is likely that the catchment reaches and relaxes from the maximum possible storage, making its response a time-invariant characteristic of the catchment on the basis of hydraulic theory. The similarity between the event water recession and event TTD during this characteristic response of the catchment may, thus, allow for the derivation of a time-invariant event TTD. This result is especially valuable as it lays a basis for catchment similarity analysis linking a catchment's hydrological response and geomorphic properties.
Introduction
[2] Extreme events give us the unique opportunity to see how catchments respond when most of the surface and subsurface hydrologic flow paths are active. Extreme rainfall-runoff events often reveal aspects of hydrological behavior that either were unexpected on the basis of smaller responses or highlight anticipated but previously unobserved behavior [Archer et al., 2007] . Such events, however, are difficult to monitor because of their typically short durations and the loads they place on sampling equipment. This has lead to a shortage of studies able to apply state-of-the-art characterization techniques to the hydrologic response of a catchment during extreme events. Characterizing the response of a catchment during an extreme rainfall-runoff event, thus, may provide new and valuable insight to the general functioning of the catchment.
[3] One commonly used method to characterize the response of a catchment is to estimate the distribution of transit times from every entry point in the catchment to the outlet [Kirchner et al., 2001; McGuire and McDonnell, 2006; Soulsby et al., 2006] . Transit time is used to describe the time elapsed between rain falling onto a catchment and its being sampled in various locations within the catchment (e.g., at the outlet [Mazor and Nativ, 1992] ). Catchment water transit time, thus, is the elapsed time when water exits a catchment and differs from residence time which typically describes the time since entry water has spent inside a flow system [Bolin and Rodhe, 1973; Etcheverry and Perrochet, 2000; Kazemi et al., 2006; McGuire and McDonnell, 2006; Rueda et al., 2006] . To help visualize the concept, a catchment water transit time distribution (TTD) can be thought of and represented as the breakthrough of an instantaneous, conservative tracer applied (usually with rainfall) over the entire catchment area [Maloszewski and Zuber, 1982; McGuire and McDonnell, 2006] .
[4] Many approaches are available to estimate the TTD of a catchment. Cornaton and Perrochet [2006] were able to determine the probability of transit time distributions in a deterministic manner on the basis of advective-dispersive transport in steady velocity fields. Analytical expressions of solute travel time probability density functions have been developed by stochastic or mechanistic modeling of solute displacement statistics [e.g., Rubin and Bellin, 1994; Destouni and Graham, 1995; Butera and Tanda, 1999] and through direct relation to the velocity field [e.g., Shapiro and Cvetkovic, 1988; Cvetkovic et al., 1992; Destouni and Graham, 1995; Cvetkovic and Dagan, 1996] . Goode [1996] simulated groundwater age directly by use of an advection-dispersion transport equation. These methods often require data that are not readily available at the catchment scale and even less likely available during extreme events. This has lead to the popularity of using a lumped parameter convolution approach to determine the TTD of a catchment. This approach uses an inverse method to fit a selected model of the catchment TTD such that it convolutes an observed input signal into an observed output signal. The lumped parameter convolution approach has become somewhat the industry standard for quantifying hydrological catchment response (see recent review by McGuire and McDonnell [2006] ).
[5] Traditionally, this method is applied to multiple years of long time interval (e.g., weekly to monthly) averaged tracer concentrations observed in rainfall (input) in relation to tracer concentrations observed in streamflow (output). When used as such, the lumped parameter convolution approach estimates TTD for a catchment from a long-term point of view. When operating over multiple years of data, the approach assumes that the catchment is at steady state or that the mean subsurface flow pattern does not change significantly in time [Zuber, 1986; McGuire et al., 2005] . This assumption is required to allow the estimated TTD to be representative of a time-invariant distribution of transit times across a catchment. Variable flow approaches have been suggested [e.g., Niemi, 1977; Yurtsever and Payne, 1986; Rodhe et al., 1996] but have seen limited acceptance because of their mathematical complexity and the practicality that when the variable part of a flow system is small compared to the system as a whole, the information attainable from adopting a variable flow approach is similar to that under a steady flow approximation [Maloszewski and Zuber, 1993] . Moreover, Stewart and McDonnell [1991] demonstrated that relaxing the steady state assumption did not have large influence in modeling the TTD over a relatively short period of observations (14 weeks). Still, the lumped parameter approach has been primarily applied under base flow conditions or over several years of catchment response to give a long-term perspective on catchment TTD [Rodhe et al., 1996] .
[6] The lumped parameter convolution and other TTD estimation approaches have been applied increasingly and successfully at the event timescale. Weiler et al. [2003] were able to estimate event-scale transfer functions for use in hydrograph separation using a lumped-parameter convolution approach. To successfully model both hydraulic dynamics and solute transport, they allowed these transfer functions to vary between the two events modeled. The benefit of such an approach for hydrograph separation is the coupling of tracer-based hydrograph separation techniques and the hydraulic transfer function approach inherent to the unit hydrograph such that both conservative solute travel time and hydraulic dynamics are represented [Weiler et al., 2003] . Iorgulescu et al. [2005 Iorgulescu et al. [ , 2007 used two parallel linear transfer functions representing slow and fast components of the hydrograph to model stream discharge as well as tracer concentrations. This direct modeling approach allowed for a continuous modeling of event-scale TTD. Such event-scale approaches allow investigation of active pathways in individual events, but may have limited predictive capability and descriptive power as they are dependent on antecedent conditions and individual event characteristics. But, what can these techniques tell us about how a catchment responds during extreme rainfall-runoff events? Furthermore, what can we learn from extreme events such that we gain insight to the general functioning of the catchment? [7] In this study we take advantage of a unique series of high-intensity, short-duration rainfall events occurring in the summer of 2006 over the Santa Catalina Mountains, located northeast of downtown Tucson, Arizona (USA). Concurrent to these naturally occurring events, hydrometric and isotopic information were gathered (albeit with variable success owing the extreme nature of the events). Regardless, the data collected provide the rare opportunity to use isotope tracer techniques to estimate event-scale TTD and perform hydrograph separation under extreme conditions. In this study we focus on one of the extreme rainfall-runoff events where there is good sampling coverage to identify an event TTD using a lumped parameter convolution approach. Hydrograph separation was conducted using both a traditional two-member separation technique [Sklash and Farvolden, 1979; Buttle and McDonnell, 2004] and a recently developed modeling technique (TRANSEP by Weiler et al. [2003] ) that estimates runoff and transport transfer functions to account for delays between event water entering a catchment and the occurrence of runoff. Hydrograph separation makes it possible to estimate the fractioning of event and preevent water during the event and to estimate the recession of event water after the cessation of rainfall. Similarities between event water recession and the event TTD were observed. This, with respect to the extreme nature of the event, suggests that one unique, time-invariant event TTD may exist during periods when a catchment is near to its maximum storage condition on the basis of hydraulic theory. The timeinvariant nature of such an event-scale TTD would make it a good descriptor of a catchment's short-term hydrologic response, since we can argue that all dynamic modes (read: flow paths) present in the system (catchment) were excited during such extreme event. [Brown-Mitic et al., 2007] . Approximately 25% of the precipitation usually falls during the summer as rain during the North American Monsoon. The remainder occurs as winter precipitation, which usually falls between December and March, a portion of which is in the form of snow. Soils are of variable depth across the catchment ranging from depths greater than 1.5 m to less than 0.25 m. Soil texture is typified by gravelly, cobbley sandy loams overlain with thin layers of organic material in parts and poor horizon development [Whittaker et al., 1968] . The region is particularly rugged and steep with v-shaped valleys, conditioned by the geology of the area, which is predominantly granitic with the Catalina schist being the most characteristic facies present [Guardiola-Claramonte, 2005] . The relatively thin soil and steep slopes promote rapid surface runoff and interflow of summer rains.
[9] An automatic flow sampler with data logger (Teledyne ISCO) was installed at the catchment outlet to monitor stream stage and collect stream water samples. Stage was measured with a pressure transducer and recorded at 5 min intervals. The recorded stream stage was then converted to streamflow using the rating curve developed for the colocated Pima County stream gauge (ID 2293R) and discontinued USGS gauge (ID 09483300). In addition to flow, 250 mL stream water samples were collected at assigned stream stage levels during both rising and falling stream level periods to provide detailed sampling in response to runoff events. The stream stage levels were set at 0.1 m /s, respectively. Once collected by the auto sampler, water samples were stored on site in 500 mL polyethylene bottles with a layer of mineral oil preventing evaporation.
[10] Tipping bucket rain gauges (RainWise Inc.) were installed to monitor spatial-temporal variability of monsoon storms in mountainous areas ( Figure 1a ). These rain gauges were equipped with data loggers and set to observe rainfall amounts at one minute interval. Quality control was performed to remove gauges that experienced large data logger time shifts (>10 min during 2 months of sampling) or mechanical failure. The average (arithmetic mean) of remaining gauges (a total of 20 in the catchment) was computed and used to represent rainfall across the catchment for this study. In addition to monitoring rainfall amount, two rainwater collection sites were instrumented. At the top of the highest, westernmost peak in the catchment (Mt. Lemmon), an auto sampler (American Sigma) was attached to a collection reservoir with float switch to collect rainwater samples during rain events. Retriggering of the float switch was possible during events such that multiple samples were collected during each event. Samplers were designed to collect on a time delay of 5 min after 50 mL of rainfall. Once collected by the auto sampler, rainwater samples were stored on site in 1000 mL polyethylene bottles with a layer of mineral oil preventing evaporation. A second auto sampler (American Sigma) for rainwater collection was installed at the top of the second highest, easternmost peak (Mt. Bigelow). Because of mechanical error, this auto sampler only provided bulk rainwater samples during most events.
Series of Extreme Storms
[11] During the last week of July 2006, an upper level disturbance stalled over northwestern New Mexico. Working with a surge of humid, tropical air, the low pressure generated widespread, early morning thunderstorms over southeastern Arizona during a 7-day period [Magirl et al., 2007] . These consecutive days of rainfall caused Upper Sabino catchment to approach its maximum storage potential by the fifth day of events leading to larger-scale flash floods at the mountain's base and debris flows across the southern face of the Santa Catalina Mountains [Magirl et al., 2007] . Total rainfall depths showed little variation in space across the catchment during each event ( Figure 1b ). On average, the fourth event was the largest with a total amount of rainfall of 78.6 mm ( Table 1 ). These consecutive days of storm events at the end of July 2006 created pronounced stream response in the Upper Sabino catchment ( Figure 2 and Table 1 ). It is interesting to note the rise and plateau in level of interevent flow (i.e., the flow level observed between event peaks) through the sequence of events. By the last three runoff events, the catchment appears to reach some ''critical'' level such that these events are very similar in initial streamflow (initial streamflows were 1.14 m 3 /s, 1.46 m 3 /s, and 1.63 m 3 /s for events 5, 6, and 7, respectively) when compared to the first four runoff events.
[12] Computing a simple runoff coefficient as the ratio of the total runoff depth and the total rainfall depth of each event, it can be seen that these three events have relatively high runoff ratios exhibiting a plateau in catchment response with 30 July 2006 (event 5 in Table 1 ) having the highest runoff ratio at 0.72. To help put this value in context, Kane et al. [2003] reported a runoff ratio of 0.73 for an extreme rainfall event occurring over an arctic Alaskan watershed with limited subsurface storage due to the presence of permafrost and Cox et al. [2006] reported a maximum runoff ratio of 0.70 for a small forested watershed on St. Lucia during response to hurricane-level storms. Since in this study we are concerned with characterizing catchment response to extreme events, we focus on the 30 July 2006 event in this sequence of events. This event has extremely wet antecedent conditions (78.6 mm of rainfall occurring over the previous 24 h) in conjunction with isolated, high-intensity, short-duration storm event (event duration of 180 min). The authors would like to note that while focusing on the 30 July 2006 event (event 5) provides an extreme hydrological perspective, it is also a necessity because the multiple days of high flows presented difficulties from a sampling logistics perspective. The remote location of the catchment outlet prevented auto sampler maintenance during high flows (i.e., we could not replace the full sample bottles with empty bottles and restart the auto sampler).
Isotope Analysis
[13] There were a total of 32 stream samples, 13 Mt. Lemmon incremental precipitation samples, and 11 Mt. Bigelow precipitation samples collected during all storm events occurring from 25 July 2006 through 1 August 2006. Of these samples, 10 stream samples, 4 Mt. Lemmon incremental precipitation samples, and 1 Mt. Bigelow bulk precipitation sample were collected during event 5. Upon retrieval of samples from the field, the stream and precipitation samples were filtered with 0.45 mm nitrocelloluse filter and stored in glass vials with polyseal caps to prevent evaporation. All samples were analyzed for d
18
O at the Laboratory of Isotope Geochemistry at the University of Arizona using a Finnegan Delta-S Mass Spectrometer according to the methods outlined in the work of Craig [1957] and Gehre et al. [1996] . The precision was reported as 0.08% (1 À s). The observed incremental d
18 O values in precipitation collected at the Mt Lemmon sampling site during the event ranged from À8.3% to À7.6% with an arithmetic mean À8.0% and standard deviation of 0.3% ( cessation of rainfall equaled the value observed preevent (À8.9%).
[14] The isotope values from the stream and the incremental Mt. Lemmon precipitation samples provide a conservative tracer for use in hydrograph separation and TTD modeling. The difference in the isotopic composition of event (À8.0%) and preevent water (À8.9%) is assumed to be sufficient to perform hydrograph separation. The isotopic composition of the bulk event precipitation sample collected at Mt. Bigelow (À8.8%) did not vary significantly from preevent water. While this demonstrates that there is spatial variability in rainfall input isotopic composition to the catchment, it does not allow us to uniquely differentiate between the rain event water falling in the vicinity of Mt. Bigelow from the preevent water flowing in the stream using observed d
O values. The total amounts of rainfall observed at Mt Bigelow and Mt. Lemmon for this event were 24.9 mm and 34.5 mm, respectively, indicating slight bias in rainfall amount in the vicinity of Mt. Lemmon compared to the catchment wide average rainfall amount of 26.1 mm. The bulk nature of the Mt. Bigelow precipitation sample, however, does not allow for proper representation of temporal variability in d
18 O values in hydrograph separations [McDonnell et al., 1990] . We thus rely on the observed d
O values derived from the incremental precipitation sampling at Mt. Lemmon during the event to represent the temporal variability in isotopic composition of precipitation water in this study.
Methodology and Results

Two-Component Hydrograph Separation
[15] Streamflow was separated into event and preevent water using a traditional two-component hydrograph separation [Sklash and Farvolden, 1979; Buttle and McDonnell, 2004] . While this method has its shortcomings, it was selected because it requires only two mixing components and because of its prevalence in hydrological research. In this study, ''event'' water was defined using the observed O value observed in the stream coinciding with the onset of rainfall and was assumed to be constant over the course of the event. This assumes that the preevent water composition comes from a fully mixed reservoir of subsurface water that has assimilated previous storm events that does not significantly change isotopic composition during event.
[16] The d 18 O values of stream samples collected during the event were used to represent the mixing of event and preevent water flowing during the event in the stream. Instantaneous estimation of the fraction event/preevent water in the stream is possible for each stream sample using two-member hydrograph separation (Table 2 ). To give a continuous estimate of preevent/event water fractionation for the event, linear interpolation was used to fill between observed d
18
O values of stream samples. The linear interpolation is assumed to be a conservative estimate of the rate of decline in d
O values between observations. This allows for the calculation of total fraction of preevent/event water for the entire event defined from the onset of rainfall until the stream isotope value returns to a preevent level. The total volume of water in the event comprises 25% event water and 75% preevent water (Figure 3) . The magnitude of these results is consistent with previous findings of high percentages of preevent water making up stream event responses [Buttle, 1994] . Specific to the region of this study, this result is consistent with previous findings in the larger 
Transit Time Distribution Modeling
[17] Transit time distributions were modeled using the lumped parameter convolution approach. This method was recently reviewed by McGuire and McDonnell [2006] and we only provide a brief overview for completeness. The lumped parameter convolution approach uses a weighting or kernel function, g(t), to describe the transport of conservative tracer through a catchment. Using this approach, stream outflow composition at any time, g out (t), consists of tracer, g in (t -t), that fell uniformly on the catchment in the past (t -t), which becomes lagged according to its transit time distribution, g(t) [Barnes and Bonell, 1996; Kirchner et al., 2000] :
where t are the lag times between input and output tracer composition.
[18] In this study, we have selected (and limited ourselves) to two models of wide use in catchment hydrology for describing travel time distributions, g(t), using this lumped parameter convolution approach. These are from Maloszewski and Zuber [1982] :
Dispersion Model (DM)
where t m denotes the first moment of the transit time distribution or the mean transit time for the catchment. The exponential model (EM) describes a catchment with flow times that are distributed exponentially, including pathways with very short transit times [McGuire and McDonnell, 2006] , and represent the apparent behavior of a well-mixed linear reservoir [Maloszewki and Zuber, 1982; Rodhe et al., 1996] . One benefit of the EM is its parsimonious use of one fitting parameter (t m ). The dispersion model (DM) comes from the one-dimensional solution of the linear advectiondispersion equation and is capable of accommodating a range of TTDs with the addition of a second fitting parameter (D p ). D p is the inverse of the Péclet number and describes the ratio of the longitudinal dispersivity to the length times velocity of the flow system or the ratio of the dispersive to advective timescales.
[19] The input isotope signature (g in (t -t)) in equation (1) was defined using a combination of the observed event water d
O values and observed preevent water d
18 O value for the 30 July 2006 event. This was done such that prior to the onset of rainfall and after the cessation of rainfall, the input isotopic signature was assumed to be equivalent to the preevent stream water isotopic composition. During rainfall, however, the observed incremental event water d
18 O values were used to define the input isotopic signature. Inherent to this is the assumption that preevent water does not significantly change isotopic composition during the duration of a rainfall event (in both space and time) and that the isotopic composition of the input (rainfall) is uniform in space. This common assumption is an obvious shortcoming of the lumped parameter convolution approach [McGuire and McDonnell, 2006] . When spatial variability is present in the isotopic composition of rainfall (as in this catchment), this assumption adds uncertainty to the estimated TTD. Thus, the estimated TTD should be viewed as an approximation at the catchment scale.
[20] Using an inverse methodology, equation (1) [Maloszewski and Zuber, 1996; McGuire et al., 2002] :
where O i are observed d 18 O values and X i are the model simulated d
18 O values with n being the number of observations. The parameters which minimized equation (4) for each TTD model were assumed to provide the best fit. To measure the ability of each model to simulate the stream isotopic composition, Nash-Sutcliffe efficiencies [Nash and Sutcliffe, 1970] were computed between predicted and observed isotopic values. Both EM and DM models performed well in predicting the isotope values observed in the stream (Figure 4) . For the EM, the best fit was obtained for a mean response time (t m ) of 110.1 min. For the DM, the best fit was obtained for a mean response time (t m ) of 103.4 min and for a D p value of 0.5. NashSutcliffe efficiencies [Nash and Sutcliffe, 1970] for the EM and DM were 0.84 and 0.92, respectively.
TRANSEP Modeling
[21] In addition to a traditional two-component approach, we used the transfer function hydrograph separation (TRANSEP) model presented by Weiler et al. [2003] to separate the observed hydrograph. This was done using the previously defined isotope input (rainfall) and output (streamflow) time series. The TRANSEP model first uses a simple rainfall-runoff model to simulate streamflow and routes effective precipitation to the catchment outlet using a runoff transfer function. This optimized runoff transfer function is then used to constrain the optimization of a transport transfer function used to separate the event hydrograph into event and preevent water on the basis of observed isotope values and effective precipitation. The TRANSEP model requires the a priori selection of both a runoff and transport transfer functions. In this study, we limit ourselves to the range of runoff transfer functions considered by Weiler et al. [2003] and the previously defined EM and DM distributions (equations (2) and (3), respectively). Nash-Sutcliffe efficiencies [Nash and Sutcliffe, 1970] were then used to identify the ''best'' runoff transfer functions. Using this metric, the runoff transfer function was modeled using a gamma distribution [Kirchner et al., 2000; Weiler et al., 2003 ] of the form
where a is the shape parameter and b is the scale parameter. Optimized values of 0.71 and 18.14 were obtained for a and b, respectively. A Nash-Sutcliffe efficiency of 0.86 was achieved using equation (5) as a runoff transfer function for the event considered in this study.
[22] The TRANSEP model was then used to separate the event hydrograph into event and preevent fractions on the basis of optimizations of both an EM and DM (i.e., equations (2) and (3), respectively) as transport transfer functions (Figure 3 ). It should be noted that the transfer functions used by Weiler et al. [2003] were tried as transport transfer functions and performed poorly with Nash-Sutcliffe efficiencies <0.65 while using the EM and DM as transport transfer functions yield efficiencies of 0.77 and 0.88, respectively. Using the EM, the transport transfer function was optimized with a value of 272.4 min for t m . For the DM, transport transfer function was optimized with a value of 270.0 min for t m and 0.73 for D p . These values differ from those found using the lumped parameter convolution approach as the TRANSEP model routes effective precipitation predicted using the method of Jakeman and Hornberger [1993] .
[23] Using the EM as a transport transfer function, the total volume of the event comprised 23% event water and 77% preevent water. Using the DM as a transport transfer function, the total volume of the event comprised 24% event water and 76% preevent water. These estimates of the hydrograph composition are in agreement with the twocomponent hydrograph separation. Instantaneous estimations of the fraction event/preevent water in the stream are possible for each stream sample using the TRANSEP model (Table 2) . These results show the influence of the runoff transfer function in the hydrograph separation via the delay in the increase of event water predicted during the event when compared to the two-component hydrograph separation method.
Discussion
Response to an Extreme Rainfall-Runoff Event
[24] As with any hydrologic/isotopic study, we can conceptualize how the catchment responds during this event. Similar to many systems where more permeable soil overlays a less permeable fractured bedrock layer, this catchment contains hillslope profiles that are divided into two major layers with the upper layer having a much higher conductivity than the lower layer. During recession from the previous storm event, base flow from the lower layer and, possibly, small amounts of soil matrix flow maintain streamflow and, by definition, all the water in the stream is preevent water. During rainfall and the (subsequent) rising limb of the hydrograph, event water enters the catchment and mobilizes preevent water. The catchment is in a transient state during the rainfall event. During the event, increases in preevent water contribution may be attributed to water table ridging near the base of hillslopes [e.g., Cloke et al., 2006; Fiori et al., 2007] . Increases in event water are due to a multitude of different runoff generation mechanisms present in the catchment. These include surface runoff due to infiltration excess in poorly developed soils and exposed bedrock, quick subsurface flow caused by preferential flow paths in unsaturated soils and a network of macropores/pipes at the soil/bedrock interface, as well as saturation excess runoff on variable contributing areas near the streams. [25] Additional insights are gained, however, because of the extreme nature of the event considered in this study. While we can only hypothesize the proportional contribution of the various runoff mechanisms causing the relatively strong event water contributions during peak discharge, it is likely that all runoff mechanisms are active during extreme rainfall events. Near the end of the rainfall event (again, due to the extreme nature of the event) it is possible that the catchment approaches maximum potential storage. This is reflected in the extremely high runoff ratio for this event (Table 1) . At this point, as the storage profiles in catchment hillslopes near a steady state their rate of change in profile decreases. If they were to absolutely reach steady state, the storage profiles would stop changing. This is similar to the state reached in the numerical experiments of Troch et al. [2003, Figures 4c and 4d] . At the point when rainfall ceases, the catchment experiences no further recharge and the fraction of streamflow derived from event water begins to decrease. Long after the end of the event, the catchment hillslopes return to a state similar to that of the preevent base flow condition.
Event Water Recession as a Characteristic Response of the Catchment
[26] The extremely wet conditions and magnitude of the event (Table 1 ) considered in this study created a unique catchment-scale experiment. The high-intensity, short-duration of the rainfall provides a ''pulse'' input of event water bringing the catchment to a state near maximum potential storage. The isotopic composition of this event differs from preevent water allowing the isolation of event water from preevent water in the catchment outflow (Figure 3 ). Using the hydrograph separations, the hydraulic response of the event water recession for the catchment can be determined. The starting point of event water recession period for this hydrograph can be defined using the cessation of rainfall (30 July 2006, 0615) . We can define an end point for the event water recession estimated using the two-component separation method as the point when event water is no longer observed in the stream (30 July 2006 (30 July , 1230 . The end point for the event water recession estimated from the TRANSEP model results varies with the transport transfer function selected. Thus, the end point is 30 July 2006 at 1345 and 30 July 2006 at 1200 for the EM and DM, respectively. After normalizing, we can define an event water recession hydrograph for the extreme rainfallrunoff event for each separation technique ( Figure 5 ).
[27] On the basis of the extreme nature of this rainfallrunoff event, we posit that the catchment has achieved and, subsequently, relaxed from (near) steady state storage. Under such conditions, it is possible that the characteristic response function (CRF) of the catchment has been observed. The CRF gives a time-invariant description of how a catchment relaxes hydraulically from near-maximum steady state storage conditions defined as the free drainage hydrograph, normalized by the total outflow volume [Brutsaert, 1994; Berne et al., 2005] . Every catchment has a unique CRF because the hillslopes that comprise the catchment have unique near-maximum steady state storage profiles (see Troch et al. [2003, Figures 4c and 4d] for an example of this). A catchment's CRF is considered time invariant because there is only one way for a catchment to relax hydraulically once steady state storage profiles have been achieved. CRFs (and their moments), however, have seen limited consideration in research as catchment descriptors (outside of numerical simulations and laboratory experiments) because the requirement of steady state storage profiles might not occur often under natural conditions and the difficultly associated with direct observation of runoff or inferring it in an objective manner via graphical hydrograph separation.
[28] The sampling of hydrometric and isotopic catchment response allowed for an objective definition of the event water recession for our catchment on the basis of two independent hydrograph separation techniques. If the event water observed in the stream response is equivocal to the runoff temporally stored in the soil of the catchment, then the event water recession from this extreme event would translate to a CRF for this catchment. The current data set can, however, only provide a temporal separation of the hydrograph into preevent and event water. It cannot describe the spatial origin of the water in the hydrograph (e.g., direct precipitation, soil water, deep groundwater). Further sampling is ongoing in this catchment to identify such spatial origin end-members and objectively define the catchment CRF. Such an objective method using isotope hydrograph separation does not require the physical separation of runoff water to estimate a CRF [Lyon and Troch, 2007] and frees us from the arbitrary nature of graphical hydrograph separation. Of course, the shortcoming is that the catchment needs to approach a near steady state storage condition to ensure we archive a characteristic response.
Similarity Between the Event Water Recession and the Event TTD
[29] Both EM and DM mean response times (110.1 and 103.4 min for the EM and DM models, respectively) show good agreement with the first moments of the two-component event water recession (98.3 min) and the TRANSEP estimated event water recessions (132.7 min and 99.0 min for the EM and DM transport transfer functions, respectively). There is similarity between the event water recession and the modeled event TTD (specifically the EM distribution) determined using the lumped parameter convolution approach with respect to their general shapes on visual inspection ( Figure 5 ). This similarity suggests that it is possible to derive the event TTD for a catchment from an event water recession. It is rarely the case that catchment TTDs can be explicitly determined.. More often TTDs are assumed or selected from possible models [McGuire and McDonnell, 2006] . The most notable exception to this is the work of Rodhe et al. [1996] where a step change of input water created a marker to observe turnover of water in a catchment. It is difficult to control the input at the scale of a catchment. For Rodhe et al. [1996] , it involved building a roof over the entire catchment to intercept rainfall and irrigating with isotopic labeled water to duplicate rainfall patterns. Furthermore, if the observed event water recession is tantamount to the CRF for this catchment, it implies that there exists a time-invariant, limiting case of eventscale TTD. By time-invariant, this characteristic response TTD would not change between events with other factors being the same (e.g., seasonal variation in evapotranspiration could influence relaxation of the catchment). This makes the event TTD under the characteristic response of a catchment a good candidate for a fundamental descriptor (quantification) of a catchment's event-scale response to inputs.
[ O isotopic signatures of rainfall to better represent catchmentscale response to rainfall inputs.
[31] Dunn et al. [2007] recently illuminated on the usefulness of identifying the various component residence times that comprise a catchment's mean residence time. This usefulness lays in the ability to relate component residence times to characteristic properties of a catchment. By evaluating the event TTD during the characteristic response of a catchment, we obtain a time-invariant method to characterize the short-time component of a catchment's response that can be used to link the catchment's geomorphological properties with its fundamental hydrological response (thus forming the basis for similarity analysis). For example, Berne et al. [2005] were able to develop an analytical link between a catchment's CRF and its physical hydrology described using the hillslope storage Boussinesq equation of Troch et al. [2003] . Furthermore, they were able to define a hillslope Péclet number capable of predicting the CRF (via its moments) using only the geomorphological structure of a catchment's fundamental units (e.g., hillslope structure). This forms the basis for a similarity parameter on the basis of the underlying physics that govern hydrological response [Berne et al., 2005; Lyon and Troch, 2007] . Further research is needed to fully investigate such a similarity parameter's ability to evaluate catchment CRFs and, consequently, event TTDs. This study helps lay the groundwork for interpretation of such an analysis to describe the short-timescale response of a catchment.
Concluding Remarks
[32] Traditional TTD studies have looked at the long time response of a catchment to an input variation in tracer concentration. In this study, we evaluate event TTD at the catchment scale with focus on short-time response due to an extreme rainfall event. During this event both TTD estimation and hydrograph separation were possible because of collection of hydrometric and isotopic data. There was similarity between the event TTD and the event water recession observed in the hydrograph. Because of the extreme nature of this event, it is possible that the catchment reaches and relaxes from the maximum possible storage and that we can assume its response to be a characteristic response making it time invariant on the basis of hydraulic theory [Brutsaert, 1994 [Brutsaert, , 2005 . The similarity between the event water recession and event TTD for the characteristic response of the catchment allows for the experimental determination of a time-invariant event TTD. This result is especially valuable in its relation to catchment similarity analysis for linking a catchment's hydrological response and geomorphic properties.
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